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Critical wetting tensionWith the increase of elderly population and the health problems arising nowadays, such as cancer, knee and hip
joint prostheses arewidely usedworldwide. It is estimated that 20% of hip replacement surgeries simply fail after
5 years, due to wear loosening, instability and infection. In this paper it is reported the study of advanced mate-
rials with the ability to overcome some of these drawbacks. The development of ceramic coatings, based on
carbonitrides of transition metals, such as TiCN, doped with silver, Ag, may represent an effective solution.
Thin ﬁlms of Ag–TiCN were produced by dc reactive magnetron sputtering with silver contents ranging from 4
to 8at.%. The physical, chemical, structural, morphological/topographical, mechanical and tribological properties
were evaluated. The tribological tests were performed in a unidirectional wear simulator, pin on disk, being the
antagonists of a ceramic Al2O3 ball, and using simulate body ﬂuids as lubricant. Hank's Balanced Salt Solution
(HBSS) and bovine serum albumin (BSA) in HBSS were chosen, in order to evaluate the lubrication ability of
the solution containing the protein, albumin.
The results revealed that the coatings with Ag content ranging from 4 to 8at.%, were the most promising, as the
tribological properties were superior to the results reported by other authors, which also developed Ag–TiCN
coatings containing similar Ag contents and using similar test conditions. The presence of albumin leads to a
lower wear in all the test conditions, and this enhancement was higher in the hydrophobic surfaces.
© 2013 Elsevier B.V. All rights reserved.1. Introduction
The number of hip arthroplasties has beengrowing in recent years as
a result of increased life expectancy of the world population. The devel-
opment of materials with the ability to reduce the number of revision
arthroplasties is an emerging ﬁeld, thus contributing to reduce the
costs associated with these surgical procedures and above of all to im-
prove of patient's life quality. Considering the aggressive environmental
conditions to which they are subjected to, these materials must meet
several requirements, namely: biocompatibility, wear and corrosion re-
sistance and resistance to microbial colonization [1]. The development
of ceramic coatings, such as DLC [2], transition metal (e.g. Ti, Zr) car-
bides [3,4], nitrides [5,6] and carbonitrides [7], has been perceived as
one of the solutions able to increase the lifetime of orthopedic prosthe-
sis. TiCN coatings are able to comprise lowwear rates, low friction coef-
ﬁcients [8] and good corrosion resistance [9], which makes them good
candidates for orthopedic implant applications. Despite the major de-
velopments in biomaterials ﬁeld, microbial colonization of the implant
surface and consequent infection remains an unsolved problem. In
order to overcome this limitation great efforts have been dedicated to
the development of biodevices with antibacterial surfaces, being mostlves).
ghts reserved.of them based on the incorporation of Ag nanoparticles [10,11]. More-
over, it is reported that the incorporation of small amounts Ag in TiN
[12], CrN [13], ZrN [14], DLC [15] and TaN [16]matrixes is able to reduce
the friction coefﬁcient and improve thewear resistance of the base coat-
ing, due to the lubricant properties of this metal. Sánchez-López [10]
claimed that the incorporation of Ag up to 6 at.% promoted an increase
in the TiCN wear resistance. However, for higher Ag contents an oppo-
site trend was reported. Similar results were also found for Ag–TiN,
Ag–CrNandAg–ZrN coating [13]. Furthermore, the addition of high con-
tents of Ag may induce cytotoxicity in the host tissue and consequent
rejection of the biomaterial [17]. Also, the incorporation of higher Ag
contents promotes the increase in Ag cluster size, thus reducing the sur-
face area and consequently their antimicrobial effect [9]. In this sense,
the amount of Ag incorporated in the coatings must be tailored in
order to obtain good tribological properties, good corrosion resistance,
biocompatibility and antibacterial properties. According to previous
studies [9,10] the best compromise for Ag–TiCN coatings was obtained
for Ag contents up 6at.%.
Synovial joints are protected from external agents by articular cap-
sules, containing synovial membrane and synovial ﬂuid, whose role is
to maintain the balance between secretion and adsorption of the ﬂuid
[18]. This ﬂuid has an extreme complex chemical composition, being
mainly composed of an electrolytic solution rich in proteins (mainly albu-
min), polysaccharides (hyaluronic acid) and water-solved compounds.
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enables a hydrodynamic lubrication,while albumin is able to increase the
lubrication when adsorbed on the surface of joint material. Some studies
[19] performed in vitro studieswhich evaluated the effect of few synovial
ﬂuid components, with a special focus on: bovine serum albumin (BSA);
hyaluronic acid (HA) and phospholipid suspensions. Each of these com-
ponents is usually included in a solution with an ionic composition that
is similar to the one found in biological ﬂuids, such as Hank's Balanced
Salt Solution (HBSS).
In the present study the wear behavior of Ag–TiCN coatings was
evaluated for different Ag contents ranging from 0 to 8at.%. In order to
simulate the conditions present in the synovial joints, the tribological
tests were performed in a pin-on-disk tribometer for the following con-
ditions: i) without lubrication, ii) using Hank's Balanced Salt Solution
(HBSS) as lubrication medium, and iii) using HBSS solution and bovine
serum albumin (BSA) as lubrication medium. The objective of this
work was to study the effect of albumin in tribological behavior.
2. Experimental details
Ag–TiCN coatings were deposited by reactive dc magnetron
sputtering from a high-purity Ti target (200 × 100 mm2) and a com-
posed Ag–Ti target onto polished and ultrasonically cleaned 316L stain-
less steel (20×20mm2) and single crystalline silicon (100) (1×1mm2).
In order to produce Ag–TiCN coatings, 8 Ag nuggets were incorporated
on the Ti target, resulting in this composed Ag–Ti target in a relative
Ag/Ti erosion area of 22%. To further vary the Ag content in the ﬁlms
the current density applied to each target was varied as indicated in
Table 1. The substrates were previously sputter-etched for 20 min in
an Ar atmosphere at constant current density of 10 mA/cm2 and Ar
ﬂow of 60sccm. The depositions were carried out in Ar+C2H2+N2 at-
mosphere, with the substrates rotating at 70mmover the target at con-
stant speed of 8 rpm. The base pressure in the deposition chamber was
1.4×10−3 Pa, the ﬁlms were grown at a constant temperature (373K)
and with an applied bias voltage of −50 V. Argon ﬂow was kept con-
stant at 60sccmwhile the reactive gas ﬂuxes, C2H2 and N2, were adjust-
ed (in a range of 5.5–7 sccm) as can be depicted in Table 1.
The chemical composition of all surfaces was assessed by electron
probe microanalysis (EPMA) using a Cameca, Camebax SX 50 equip-
ment, operating at 10kV and 40nA. Ball crater tests were used to mea-
sure the ﬁlm thickness. The structure and phase distribution of the ﬁlms
were determined by X-ray diffraction (XRD), Raman spectroscopy and
X-ray photoelectron spectroscopy (XPS). XRD analysis of the coatings
deposited on Si, was performed using a Philips X'Pert, at 40 kV
and 35 mA, with Co radiation (λkα1 = 0.178896 nm and λkα2 =
0.179285 nm), equipped with collimator and Bragg–Brentano geome-
try. All the tests were performed with a step size of 0.025° and a time
per step of 0.5 s, in 20–120° range. Raman spectra were acquired in a
Renishaw 2000 apparatus, operating with an Ar laser (514.5 nm) and
the spectra were acquired in a range of 150–2000 cm−1. The XPS
analyses were performed in a VG-ESCLAB 250iXL spectrometer.
The pressure in the analysis chamber was kept below 5×10−8 Pa and
the analysis was performed using monochromatic radiation Al-Kα
(hν= 1486.92 eV). The photoelectrons were collected with an angle
of 90° with respect to the surface of samples. The energy step was of
20eV for the survey spectra and of 0.05eV for the high-resolution spec-
tra. The C1s line at 285.0 eV (hydrocarbon peak) was used to calibrateTable 1
Chemical composition, deposition parameters, thickness, hardness and Young's modulus of the
Sample Chemical composition (at.%) ØC2H2
(sccm)
ØN2
(sccm)
JTi
(mA/cm2)
JTiAg
(mA/cm2)
C N O Ti Ag
TiCN 28 31 4 37 0 6 6 10 0
Ag4TICN 33 30 3 30 4 7 7 10 2.5
Ag8TiCN 42 24 5 21 8 5.5 5.5 5 3.75the binding energies. The XPS was also used for the in-depth analysis
of the thin ﬁlms by sputtering the surface with 3 keV Ar+ beam. The
chemical compositions were obtained using the sensitivity factor of
the Scoﬁeld library.
The morphology/topography of the coatings, was evaluated by
atomic forcemicroscopy (AFM) using a NanoScopeIII a model fromDig-
ital Instruments operating in tapping mode. AFM images were taken
over scanning areas of 10 × 10 μm2. The wettability characteristics of
the surfaces were assessed by measuring the static contact angle with
10 μl of distilled and deionized water, glycerol and formamide in a
DataPhysics QCA-20 apparatus. For each sample, a minimum of seven
measurements was taken, after allowing the system (air/water/surface)
to reach equilibrium, and the average value was calculated.
The hardness and the Young modulus were measured by nano-
indentation test (Micro Materials Nano Test) using a Berkovich indent-
er. The normal stylus load was 10mN and the results are the average of
15 independent indentations.
The tribological properties of Ag–TiCN coatingswere studied using a
pin-on-disk tribometer. All the tribological measurements were per-
formed at identical conditions: 10,615 laps at 1 Hz, total distance of
500m, normal load 2 N, linear speed 50mm/s, counterpart Al2O3 ball
with a diameter of 10mm, room temperature and relative air humidity
of 35%. All coatings underwent testing at three different conditions: dry
sliding in humid air, lubricated sliding in HBSS solution and lubricated
sliding in a HBSS+BSA solution, which is the most common lubricant
used to reproduce synovial liquids. The concentration of BSA used in
all tribological testswas 10g/l, in agreementwith literature [20]. The tri-
bological performance was examined with respect to the wear rates of
the coating. The coating wear rate was evaluated on the basis of proﬁle
measurements on the wear track. The wear rates were determined ac-
cording to ASTM G 99-04 (2004) Standard Test Method for Wear Test-
ing with Pin-on-Disk Apparatus. In order to evaluate the dominant
wear mechanism, the wear tracks were studied using 3D proﬁlometry
(Mahr RM600-S).
3. Results and discussion
3.1. Physical and chemical characterization
The deposition parameters, the chemical composition, the thickness
and some mechanical properties of the coatings are summarized in
Table 1. The deposition rate ranged from 1.1 to 1.6 μm increasing with
the current density applied to both targets (JTi+Ag+JTi). Although a de-
crease on the density applied to the Ti target and an increase on theden-
sity on the TiAg target are observed, the sumof current densities applied
to both targets is increasing. To justify the increased deposition rate one
should take into account the increase on the sum of current density ap-
plied to both targets, which corresponds to an increase in ion bombard-
ment and proportionally the amount of ejected atoms. The elemental
chemical composition shows that by increasing the JTiAg/JTi current den-
sity ratio, the Ti content in the coatings decreases from 37 to 21 at.%
along with an increase in the Ag content from 0 to 8at.%. The N content
decreases slightly from 31 to 24at.% and the C content increases from28
to 42at.%. In fact, the Gibbs free energy for the formation of TiN phases is
−290 kJ/mol and for TiC is−180 kJ/mol. Therefore with decreasing Ti
content an increase on the carbon content is observed since there is a
clear trend to the formation of thermodynamically more stable carbondeposited samples.
JTiAg/JTi
(mA/cm2)
Deposition rate
(μm/h)
Thickness
(μm)
Hardness
(GPa)
Young's modulus
(GPa)
0 1.3± 0.06 2.1± 0.06 15±1.1 232±28
0.25 1.6± 0.04 2.0± 0.04 16±1.5 214±33
0.75 1.1± 0.05 1.8± 0.05 14±1.5 154±14
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coating with lowest titanium content and consequently highest carbon
content was performed.
Fig. 1 shows the (a) Ti 2p, (b) C 1s, (c) N 1s and (d) Ag 3d core level
XPS spectra of Ag8TiCN coatings. On the XPS analysis the Ti2p spectra
(Fig. 1.a) there are identiﬁed two doublets (Ti2p3/2 and Ti2p1/2 sepa-
rated by 5.8 eV). The ﬁrst contribution can be associated to TiCN (elec-
tron binding energies at 455.3 and 461.1 eV) bonds, since according
to the literature, this binding energy is a commitment between TiN
(electron binding energy 455.4 and 461.2eV) and TiC (electron binding
energy 454.6 and 460.4 eV) phases. However, in the following discus-
sion it will refer to them as a Ti–C–N phase. Also, these binding energies
for titanium are consistent with the C\Ti and N\Ti bonds observed at
the C1s (282.7eV) and N1s (497.1 eV) XPS spectra of Fig. 1.b and d, re-
spectively. Furthermore, there is evidence of the graphitic C\C bond at
284.9eV and the presence of C\N bond at 287.5eV on C1s spectra. The
last bond is conﬁrmed onN1sXPS spectrawhere there is evidence of the
N\C bonds at 398.5eV.Within the O1s XPS spectra it is evident the ap-
pearance of the peak centered at 531.1eV reported for O\Ti bonds. This
is consistent by Ti2p spectra when the TiOx bond appears at 456.9 and
462.7eV. The oxygen presence is due to the residual oxygen in the vac-
uum chamber, in the targets and also due to contamination afterFig. 1. XPS spectra of (a) Ti2p, (b) O1s, (c) C1s, (d) N1s and (e) Ag3d of Ag–TiCNdeposition [9,10]. Finally, the ﬁtting of Ag3d XPS spectra (Fig. 1.c) re-
vealed two doublet (Ag3d5/2 and Ag3d3/2 separated by 6 eV) related
to the Ag\Ag metal bonds (368.6 and 374.6 eV) and another one
assigned toAg-cluster bonds (369.1 and 375.1eV),whichwas somehow
predictable due the low solubility of C andN in silver. In agreementwith
Lopez-Salido [21], for Ag nanoparticles with approximately 2nm diam-
eter a high core level shift of 0.6eV is observed when compared to bulk
Ag crystals. Formetals, the change frombulk to clusterswith sizes lower
than 4 nm, induces a decrease in the binding energy of the core levels
due to a decrease in the core-hole screening by conduction electrons,
as a result of the discretization of the conduction band. This results in
positive shifts and in increased line-width of the peaks. The positive
core level shift can also be attributed to higher electronegativity of the
neighbor's specimens. These results are consistent with other authors
[21,22].
The measured contact angle values in water, glycerol and formam-
ide, of the samples are presented in Table 2. More important than the
determination of the static contact angle values between a surface and
a pure liquid, is the determination of the surface critical wetting tension
(γc)with a homologous series of liquids, calculated by the Zisman-plots.
The results of the different surfaces are presented in Table 2 and indicate
that the incorporation of Ag induces a decrease of γc. In fact, whencoatings deposited by dc reactive magnetron sputtering, at 900 nm in depth.
Table 2
Contact angle mean values and critical wetting tension of the TiCN and Ag–TiCN ﬁlms.
Sample Contact angle, θ (°) γc (mJ·m−2)
Water Formamide Glycerol
TiCN 112±3 61± 2 80±2 49.3
Ag4TiCN 90±2 74± 2 82±1 30.2
Ag8TiCN 75±2 64± 2 68±3 14.8
Fig. 2. (a) XRD patterns of the Ag–TiCN coatings deposited by reactive magnetron
sputtering, with different Ag/Ti atomic ratios. (b) Grain size of TiC0.3N0.7 as a function of
% at Ag.
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out to less hydrophobic surfaces due to the incorporation of silver. How-
ever, the roughness of the sample with higher Ag content is lower than
that of the two other surfaces (Table 3) and consequently the results
must be considered as comparative andnot as absolute value. Neverthe-
less, the overall trend is that the incorporation of Ag induces a decrease
of the critical wetting tension, indicating a greater difﬁculty of the coat-
ings to be completely wet by liquids with high critical tension, such as
water (γL=72mJ/m2).
3.2. Structural characterization
XRD analysis was carried out in order to understand the evolution of
the structure with the Ag content. The XRD patterns are shown in
Fig. 2.a and the main identiﬁed crystalline phases are TiC0.3N0.7 (ICDD
card no. 00-042-1488) (face centered cubic) and Ag (ICDD card no. 00-
004-0783) which is in agreement with XPS analysis. The differences in
the chemical composition correlate well with the differences observed
in the developed structure. For the sample without Ag, the ﬁlms crystal-
lize in a B1-NaCl fcc structure typical for TiC0.3N0.7, although a peak shift
towards lower angles is observed. This fact is in agreementwith themea-
sured chemical composition, because these samples contain a slightly
higher C/N atomic ratio than TiC0.3N0.7. The deposition process is associat-
ed with the development of the compressive stresses, which may also
explain the shift towards lower angles. This stress is due to the deposition
parameters, namely, the bombardment during ﬁlm growth. Since the
deposition typically occurs at low temperature, the mobility of adsorbed
species is low, and thus cannot undo the effect mentioned above.
The samples with low Ag percentage present a new diffraction peak
attributed to Ag (111) fcc structure. The silver phase causes a peak shift
of the TiC0.3N0.7 phase towards high angles induced by a relaxation of
residual compressive stress as reported by Manninen [9]. However, as
the decrease in Ti content is not accompanied by a similar trend for N
content, this shift can also be ascribed to a continuous decrease of the ti-
tanium bonded to carbon. The increment in the Ag content leads to a
loss of the XRD peak intensity and a decrease on the crystal size of the
TiCN phase. The grain size of TiCN and Ag phases was determined by
Scherrer formula considering the (111) peak, for both crystalline
phases. The calculated values are presented in Fig. 2.b. These changes
can be understood as a consequence of the interruption of the growth
of the TiCN phase by nucleation of Ag nanocrystals and/or by the pres-
ence an amorphous phase. In fact, the lowTi(C+N) atomic ratio suggests
the presence of an additional XRD amorphous phase,most likely of a-C or
a-CNx type. The presence of this amorphous phasewas conﬁrmed by XPS
analysis. Raman spectroscopy is also carried out with an aim to obtain
further information regarding these a-C and/or a-CNx phase.
Raman spectroscopy was performed on the Ag4TiCN coatings,
deposited on 316L stainless steel substrates. The Raman spectrum ob-
tained from two different points of the Ag4TiCN as deposited sampleTable 3
Sa, Sq and Sms roughness values of the TiCN and Ag–TiCN coatings.
Sample TiCN Ag4TICN Ag8TiCN
Sa (nm) 67±2 66±9 36±6
Sq (nm) 89±3 85±9 42±6
Smáx (nm) 680±7 707±12 418±7presented in Fig. 3, is dominated by the presence of the D and G bands
at 1388 and 1581 cm−1 respectively, corresponding to the presence of
the sp2 C\C bonds. According to Dreiling [23] TiN presented four
peaks at approximately 225, 315, 450 and 550 cm−1, and four peaks
to TiC located at 280, 385, 585 and 675cm−1 identiﬁed by Raman spec-
troscopy. In this speciﬁc case, Ag4TiCN coating, it seems that the TiCN
bonds should be located between TiN and TiC peaks. Nevertheless, the
Raman band around 535 cm−1 is associated to the presence of TiO2
bonds, conﬁrming the XPS results [9].
Fig. 4 shows AFM images of the Ag–TiCN ﬁlms deposited on stainless
steel. In the images it is possible to see the morphology developed in
each ﬁlm, showing that they exhibit a columnar structure, which is
Fig. 3. Raman spectra of the Ag4–TiCN as deposited.
26 C.F.A. Alves et al. / Materials Science and Engineering C 34 (2014) 22–28conﬁrmed by the cross section SEMmicrograph inset on the AFM image
of Ag8TiCN coating. When Ag is added to the coating, the surface mor-
phology of the coatings evolves to cauliﬂower-like patterns, which results
in a decreasing on surface roughness [24]. However with the increase of
the Ag content (4 at.% to 8 at.%) the cauliﬂower patterns are smoothed.
This structure is formed when diffusion is low, resulting from theFig. 4. AFM topographic 3Dmaps of the TiCN and Ag–TiCN ﬁlms deposited by reactive magnetr
Ag8-TiCN coating.deposition parameters in particular the low ion bombardment and/or
low deposition temperature. The roughness is a consequence of themor-
phology and the differences observed in all samples on the Sa roughness
are due to the appearance of a second phase, Ag. According to the litera-
ture the Ag tends to diffuse to the surface and segregate to the column's
boundaries promoting a decrease on the surface roughness [12,25].
3.3. Mechanical characterization
The hardness and Young's modulus values are presented in Table 1.
The hardness varied in a range from 14 to 16 GPa, much lower than
the typical values reported for pure TiCN coatings, ranging from 30
to 36 GPa [26–28]. These overall lower values are related with micro-
structural and chemical composition aspects. In fact, low energetic
conditions of the deposition (low negative substrate bias and low depo-
sition temperature) can lead to columnar and open morphologies. The
presence of the O also promotes a decrease in the hardness, as it was
already discussed on Veprek [29]. The mechanical properties are
also affected by phase composition of these nanocomposites inﬂuencing
the balance between hard and soft phases and their distribution —
nc-TiCN/nc-Ag/a-CNx. Further discussion regarding the dependence
can be found elsewhere [10,30].
3.4. Tribological characterization
The tribological performance of the Ag–TiCN coatings against Al2O3
was investigated without lubrication (dry) and using HBSS andon sputtering (scans of 10×10 μm2; z-scale 1 μm/division) and SEM cross-section image of
Fig. 6. XPS in-depth analysis of the sample Ag8TiCN on dry conditions of lubrication.
27C.F.A. Alves et al. / Materials Science and Engineering C 34 (2014) 22–28HBSS+BSA solutions as lubricants. Fig. 5 presents the wear rate values
for the coatings for different lubrication solutions.
The prevailing wear mechanism is abrasion, as seen in the inset of
Fig. 5. Starting with the results achieved on dry conditions, despite the
low hardness and Young's modulus for the Ag–TiCN coatings the wear
rates are in 1.52×10−7 and 2.12×10−7mm3/Nm range. These results
demonstrate that thewear rate is slightly reduced for low silver content,
while for higher Ag contents the wear rate increases. This behavior was
already foundby several authors. Endrino [31]made similar observation
with TiC–Ag ﬁlms. These authors found a slightly decrease on the wear
volume in the samples with Ag content up to 10at.%. Also Basnyat [32]
established 5 at.% Ag on CrAlN ﬁlms as optimal content for wear resis-
tance. Also Jurci and Dlouhý [33] discussed the self-lubricating effect
of the Ag on CrN ﬁlms, mainly at high temperatures. The incorporation
of Ag in the coatings with a decrease on the Ti content (without signif-
icant changes on the N content) creates a situation where it is more fa-
vorable for the carbon to form graphite than the TiCN fcc structure. This
means not only that the silver phase controls thewear rate, but also that
the a-C and/or a-CNx phase promotes wear rate variations too. Howev-
er, further increase on the Ag content, promotes a decrease on thewear
resistance. The high atomic % of a-C with the higher content of Ag may
adversely affect the wear behavior of the sample as both the previous
phases are not only self-lubricated but also very soft. These results are
similar to those of other authors such as Sánchez-López [10]. The com-
promise between these two phases can be positive for Ag content up to
4at.% and become negative for higher levels of silver. Therefore the con-
tent of a-C also increased and the previously beneﬁcial commitment
ceases to exist. On dry conditions, it seems that the wear rate is related
with TiCN/nc Ag/a–CNx ratio.
OnHBSS lubrication conditions, the tribocorrosion is thewearmech-
anism responsible for the increase in wear rate. In fact, the electrolyte
characteristic of this lubricant is capable of inducing oxidation of the
metallic elements present in the modiﬁed surfaces which in turn is re-
sponsible for the increase of the wear rate. Moreover, this increase is
proportional to the decrease of the contact angle of the surfaces with
water. Lowest contact angles indicate better wettability of the surface
by water and aqueous solutions and, consequently, increased reaction
with the ionic species of the HBSS solution.
In the case of the HBSS+BSA environment the albumin protects the
surface resulting in a decrease of thewear rate (Fig. 5). In fact, Figs. 6 and
7 show the in depth XPS spectra for the sample Ag8TiCN in dry environ-
ment and in HBSS+BSA lubricated situation, respectively. Comparing
the two spectra, it is visible that the contact of the surface with HBSS
and protein (HBSS+BSA) results on surfacemodiﬁcation. As it is possi-
ble to observe on Fig. 7, a layer with constant composition, TiCN(O), for
the ﬁrst 500nm depth, appears to protect tribologically the coating sur-
face against wear.Fig. 5.Wear rate of coating when Al2O3 is counter-body of the three environments.The protective nature of the protein on the surface is highlighted on
sample Ag8TiCN. In fact, the decrease observed in the wear rate when
BSA is added to HBSS is much higher in this coating than in the other
two surfaces. This fact is explained by the lowest γc of Ag8TiCN. The ad-
sorption of proteins onto surfaces with lower critical surface tension is
thermodynamically favorable, as it is not necessary for the protein to
overcome the barrier of the well-structured three dimensional layers
of water molecules present in surfaces with higher surface energy. The
adsorption of higher protein concentrations implies that the denatur-
ation of this biological compound, that occurs due to the mechanical
solicitation of the tribological test, forms a continuous layer of albumin
in its secondary structure repealing the aqueous solution and thus
preventing its harmful effect [18,34].
4. Conclusion
Ag–TiCN coatings were deposited by dc reactive magnetron sput-
tering with variable silver content (0 to 8at.%). The samples crystallized
in a B1-NaCl crystal structure typical of TiC0.3N0.7. With the increase in
Ag content a second crystalline phase begins to appear promoting a re-
duction in the TiCN grain size. Simultaneously, amorphous carbon-based
phases begin to appear, also conﬁrmed by Raman spectroscopy and XPS.
The tribological performance of these coatings against Al203 counterpart
was evaluated, and in environments that simulate the biologicalFig. 7. XPS in-depth analysis of the sample Ag8TiCN lubricated by HBSS+BSA.
28 C.F.A. Alves et al. / Materials Science and Engineering C 34 (2014) 22–28environment (HBSS) where prostheses are inserted, the importance of
the study of the inﬂuence of albumin (majority constituent of synovial
liquid) has been highlighted. Typically the samples have shown a hydro-
phobic character, however the incorporation of Ag induced a slight de-
crease in hydrophobicity. This property provides the protein adsorption
to the surfaces leading to the formation of a protective layer, which pro-
motes an enhanced tribological behavior observable by decreased in
wear rate. This clearly shows the strong inﬂuence of albumin in increas-
ing lubrication limit. In fact the results achieved with the pair Al2O3/Ag–
TiCN for silver content with 8at.% were very promising.
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